More accurate dose-response curves can be constructed by eliminating aqueous serial dilution of compounds. Traditional serial dilutions that use aqueous diluents can result in errors in dose-response values of up to 4 orders of magnitude for a significant percentage of a compound library. When DMSO is used as the diluent, the errors are reduced but not eliminated. The authors use acoustic drop ejection (ADE) to transfer different volumes of model library compounds, directly creating a concentration gradient series in the receiver assay plate. Sample losses and contamination associated with compound handling are therefore avoided or minimized, particularly in the case of less water-soluble compounds. ADE is particularly well suited for assay miniaturization, but gradient volume dispensing is not limited to miniaturized applications. (Journal of Biomolecular Screening 2010:86-94) 
INTRODUCTION
P hysical contact with compounds made in the course of assaying compound libraries for biological activity may compromise the assay results or the integrity of the libraries themselves. Physical contact is commonly made when pipette tips (disposable or otherwise) or pin tools are used to transfer solutions to intermediate or assay plates. Beyond the obvious negative impact of potential contamination of the solutions by materials on the pipette tips or pin tools, the amount of sample in an aliquot of liquid can change due to binding of the compound to the pipetting surfaces. Certain experiments, notably those that require low concentrations, are more susceptible to the negative impact of compound adsorption. Furthermore, smallmolecule contaminants have the propensity to leach out of the plasticware, including tips, microplates, and other transfer or storage materials. Desorption of contaminants has been shown to compromise biological assay data quality. 1, 2 The most common way to make a concentration gradient is via serial dilutions of a stock solution in sequential steps. One well-known problem in generating a concentration gradient is due to the compounding of error resulting from multiple transfer steps. This error increases with the square root of the sum of the errors of each dilution. Other errors that may or may not be compounded by multiple dilution steps are also part of the total error, including those associated with interaction of the compound with the transfer surfaces. This study does not address accumulated error of multiple steps but instead points out a less recognized pitfall of tip-mediated transfers inherent in the procedure.
An alternative way to generate compound gradients in typical assay volumes uses acoustic drop ejection (ADE). 3, 4 ADE transfers liquids without touching them by using focused ultrasound. ADE, sometimes referred to as acoustic transfer, enables high-precision and high-accuracy dispensing in the low nanoliter range. 5 As shown in Figure 1 , a gradient can be made by transferring different volumes of the same initial stock solution directly into the assay plate. A back-fill of pure dimethylsulfoxide (DMSO) will be added to each volume transfer so that the concentration of DMSO remains constant in the final assay. This addition of DMSO can be done either acoustically or with a bulk reagent filler. The final concentration of DMSO in each assay must be equal to ensure good biological results. 6 The elimination of serial dilution steps in this process prevents compounding of error. More importantly, this technique limits the exposure of the sample to pipette tips or pin tools during transfer. This avoids problems due to compound adsorption to or contaminants leaching from surfaces.
Adsorption of bioactive samples onto surfaces has been studied in numerous cases in analytical chemistry, genomics, proteomics, and drug discovery. Samples have been shown to leave the bulk solution phase and bind to plastic or glass surfaces, depleting the concentration of analyte in solution. 7 Adsorption of bacteriocins by polypropylene pipette tips and microcentrifuge tubes was demonstrated by Joosten and Nuñez 8 in volumes ranging from 2 mL to 50 mL with the percentage of loss increasing from 15% to 75% as the volume decreased. DNA adsorption to polypropylene was reported to rise from 75% at 1 h to 90% at 3 h. 9 The dynamics of the binding and release of compounds has also been investigated with compound libraries stored on polystyrene surfaces, showing both poor aqueous solubility and high hydrophobicity (calculated log P [ClogP]) as important factors in compound surface retention. 10 Guiral et al. 11 showed that drug-like compounds can be adsorbed by polypropylene surfaces in tips during 100-nL liquid transfer. The effect is exacerbated as the hydrophobicity of the compound increases. The compound loss due to adsorption was apparent as logP increased past 5 in dose-response assays performed in 96-well and 384-well microplates. Compound libraries stored on glass, polycarbonate, and perfluoropolyethylene surfaces exhibit lower levels of recovery as ClogP increases. 12 In this study, chemical compounds of varying ClogP were microarrayed onto various substrates, dried, and then assayed. The goal was to miniaturize the assay platform using sample compounds volumes in the 1-to 5-nL range.
As assays using tip transfers miniaturize, the sample transfer volumes shrink. Yet the reduction in the wetted surface area of the tip to perform the transfer does not shrink as much. As the ratio of surface area to volume increases, errors in assay results increase due to leaching, adsorption, and desorption of contaminant and sample.
The losses of chemical sample to surfaces in the studies above were based on single containers and transfer surfaces. Multiple containers and transfer surfaces amplify the potential error. Researchers at Bristol-Myers Squibb 13 reported that the IC 50 values obtained from aqueous serial dilutions differed significantly from values obtained with acoustic transfer. Approximately 10% of their chemical compound library failed to meet the potency criteria when the gradient was prepared via aqueous . . .
. . .
serial dilutions using pipette tips versus the acoustic transfer. IC 50 values of some compounds differed by these 2 methods by up to 3 orders of magnitude. Researchers at AstraZeneca 14 reported differences in IC 50 values of 3 orders of magnitude. This group used mass spectrometry to quantify the amount of chemical compound in solution and determined that the solutions prepared by serial dilution had less compound than expected. The researchers suggested that the deviation observed with the 2 methods of transfer correlated with aqueous solubility.
Researchers at both Bristol-Myers Squibb and AstraZeneca have used aqueous buffers to dilute samples in preparation of dose-response curves. This has been done to reduce the volume of DMSO used in serial dilutions. Aqueous buffers exacerbate the loss of compounds during serial dilutions. If serial dilutions are made with DMSO, it is possible to reduce but not eliminate compound loss.
This study uses fluorophores of different logP as analogs of library compounds to show that superior results can be obtained when concentration gradients are formed from acoustic gradient volume transfers of equimolar solutions. The loss of compound due to serial dilutions into aqueous media was measured by determining the fluorescence signal of equal volumes in the final assay plates, comparing aqueous serial dilution with direct acoustic gradient volume transfers. A tip reuse study compared results obtained using new, clean tips versus those obtained when tips were reused as a means of assessing the effects of adsorption on sample transfer.
MATERIALS AND METHODS

Reagents
Three dyes of similar structure that varied in calculated logP value used were sodium fluorescein, called fluorescein throughout this article, with no more than 10% water by Karl Fischer titration (F6377, Sigma, St. Louis, MO); 5-dodecanoylaminofluorescein (DDAF, D109, Invitrogen, Carlsbad, CA); and fluorescein O, O'-diacrylate (FDA, 98% purity, 570257, Sigma). All 3 dyes were initially dissolved in 100% anhydrous DMSO (276855, Sigma). All chemicals were used as received unless noted.
Fluorescein is extremely soluble in water and has a ClogP value of 0.92 (calculated with the free online service at www. molinspiration.com). DDAF and FDA have considerably higher ClogP values (Table 1) . These 3 dyes were used as surrogates for compounds typical of a pharmaceutical compound library as they follow many of the "Rules of Five," as suggested by Lipinski et al. 15 and Ghose et al. 16 Photobleaching of fluorescein and its derivatives was easily avoided with commonsense handling precautions. 17 We were careful to account for fluorescence reader drift and to interpret our measurements with respect to a standard plate (Matech, Thousand Oaks, CA). In the data presented, reader drift was negligible (less than 1%), and no correction was incorporated into the data.
Fluorescein solution preparation
Fluorescein stock (0.15 mM) in DMSO was prepared from a mother stock of 0.5 mM fluorescein in DMSO. The mother stock of 0.5 mM fluorescein was prepared by dissolving 1.806 g of fluorescein into 9.6 L DMSO. A subsequent concentration of 0.15 mM was made by diluting 1.2 L of this solution with 2.8 L DMSO.
DDAF solution preparation
DDAF (33.9 mg) was dissolved into 2.312 mL DMSO to make a 30-mM DDAF stock solution. This stock was further diluted to 0.15 mM in DMSO by diluting 0.2 mL stock with 39.8 mL of DMSO.
FDA solution preparation
FDA was less soluble in DMSO. FDA solutions were made at concentrations ranging from 15 mM down to 1 mM in DMSO. Initially, these would appear to go into solution with adequate vortexing, but sediment would appear on the bottom of the tube after overnight storage. A 0.15-mM master stock of FDA was prepared, and this remained in solution after overnight storage. This solution was prepared by dissolving 33.0 mg of FDA in 500 mL DMSO. This stock was subsequently diluted from 0.15 mM to 0.125 mM in DMSO.
Assay solution preparation
A stock of 10 mM NaOH solution was prepared by diluting 1 mL of 10 N NaOH (5674-02, JT Baker, Phillipsburg, NJ) to 1 L with deionized water (Milli-Q 50 purification system, Millipore Corp., Billerica, MA), with a resistivity of not less than 18.0 MW cm. The measured pH of this solution was 12. Phosphate-buffered saline (PBS) solution was prepared from a 10× concentrate (D1408, Sigma). The pH of a solution of 1 part PBS and 9 parts 10 mM NaOH, as used in the assays, was measured to be 12. 
Instrumentation
A SpectraFluor Plus (Tecan, Männedorf, Switzerland) was used to measure the fluorescence of the various solutions at 535 nm with excitation at 485 nm. Manual liquid transfers were carried out with a Pipetman  P-200 (Gilson, Middleton, WI) with 200-mL polypropylene tips (53510-122, VWR, West Chester, PA). Multichannel transfers used the same tips with a Transferpette  -12 (BrandTech, Essex, CT) in the 50-to 200-mL or 5-to 50-mL range. Larger volumes were transferred with a Pipetman  P-1000 with 1000-mL polypropylene tips (Multifit #10130, Sorenson, Salt Lake City, UT). ADE transfers were performed with an Echo  550 liquid handler (Labcyte Inc., Sunnyvale, CA) using an acoustic 384-well polypropylene source plate (P-05525, Labcyte Inc.). Intermediate aqueous dilutions were made in a 96-well V-shaped well bottom, polypropylene plate (249944, Nunc, Roskilde, Denmark). Fluorescence assay plates were 384-well black, transparent bottom plates (781096, Greiner BioOne, Frickenhausen, Germany). Stock dilutions into DMSO or PBS were done using polypropylene 50-mL conical tubes (Falcon 352070, Becton Dickinson, San Jose, CA). All centrifugation was performed in an Allegra  25R centrifuge (Beckman Instruments, Fullerton, CA). For bulk dispensing of NaOH, a mini-Gene (Labcyte Inc.) was used. Figure 2 illustrates the procedure described here in detail. First, 720 mL of each DMSO stock was added to 1× PBS to a total of 30 mL in a 50-mL conical tube. The concentrations of fluorescein and DDAF in this PBS stock were both 3.6 mM, and that of FDA was 3.0 mM in PBS. The percentage of DMSO in each PBS stock solution was 2.4%. Then, 220 mL of these stock solutions was added to all 12 wells of the first row of a Nunc conical-well, 96-well plate. A serial dilution was done row-wise in the plate, adding 110 mL of stock to 110 mL of PBS in the subsequent row. This dilution was then mixed with 8 aspirate and dispense cycles. This row replication process was repeated until the plate was filled, providing 8 data points. Next, 22 mL of solution from each well in the completed serial dilution plate was transferred to a second 96-well V-bottom plate and diluted by adding 198 mL of 10 mM NaOH to each well. These wells were also mixed by aspirate and dispense cycles as above. Then, 50 mL of each solution was transferred to a Greiner assay plate (each well from the 96-well plate mapping to 4 wells of the 384-well plate) prior to reading on the SpectraFluor plate reader.
Generation of aqueous serial dilutions
Generation of serial dilutions in 100% DMSO
This procedure was analogous to the aqueous serial dilution above, except that the concentration of the fluorescent probes in the initial stock was 10-fold higher than in the aqueous case. Initial stocks of both fluorescein and DDAF were made in 100% DMSO at the 360-mM probe. This was diluted to 36-mM stocks by adding 1 mL to 9 mL DMSO. Then, 220 mL of these 36-mM stocks was added to the first row of the conical-well Nunc plate and diluted serially into successive wells containing 110 mL DMSO, analogous to the PBS serial dilution above. Next, 2.2 mL of solution from each well in the completed serial dilution plate was transferred to a second 96-well V-bottom plate and diluted by adding 217.8 mL of 10 mM NaOH to each well. These were mixed as above and transferred to the assay plate also as above. This procedure provides 8 data points.
A second, control PBS serial dilution plate was done following the same procedure as the DMSO serial dilution. In this case, 1 mL of the 360-mM stock in DMSO was added to 9 mL of PBS to make a 36-mM stock of probe in 10% DMSO/1× PBS. This was the initial stock for the subsequent serial dilution in PBS, all pipetting being identical to the DMSO procedure.
The particulars of these procedures were mandated by the available volumes of the multichannel pipettes and of the conical-well plates. Concentration of initial DMSO stocks was constrained by the need to keep final concentration of DMSO in the assay well below 1%. DMSO concentrations above 1% quench fluorescein fluorescence. 17
Generation of volume gradient
For the acoustic transfer, only the first 2 rows of the source plate were used; these contained fluorescein, DDAF, and FDA in DMSO solution, 12 source wells per compound. Transfers of 120, 60, 30, 15, 10, 7.5, 5, and 2.5 nL of each solution were made directly into the Greiner 384-well receiver plate, 12 receiver wells per compound per dispense volume. The receiver plate was then filled with 50 mL of 10 mM NaOH using the Labcyte mini-Gene. The plates were centrifuged for 1 min at 1000 rpm, covered, and equilibrated for 30 min (to enable mixing via passive diffusion) before a fluorescence measurement was taken using the SpectraFluor plate reader. Because the percentage of DMSO in the final assay was always <0.24%, no backfill was performed to keep the DMSO concentration constant. However, if a biological assay were to be performed, backfilling to a constant concentration of DMSO would be critical.
FIG. 2.
Comparison of process used to serially dilute compound with an aqueous diluent versus pure DMSO. DMSO stock solution is more concentrated. Volumes transferred in each plate provide assay plates at the same concentration.
Tip reuse study
To demonstrate the ill effects of sample carryover, we performed a tip reuse study. If adsorption or binding of the chemical compound to the tip surface is occurring, then reusing the pipette tip after a "dummy" transfer should enable a second transfer with less carryover. The procedure was the same as described in the "Generation of Volume Gradient" section above, except pipette tips were not replaced after each serial dilution step but reused. Once the serial dilution plate was complete, fresh tips were again used for each subsequent dilution. In the case of the serial dilutions in DMSO and the accompanying PBS control, tips were reused in every case. Fresh tips were not exchanged at each step in the serial dilution series.
RESULTS AND DISCUSSION
Aqueous serial dilutions versus volume gradients
The resulting fluorescence signal of each solution was measured at 8 different concentrations (and at zero concentration dye) for both aqueous serial diluted solutions and volume gradient transfers. The experimental results are shown in Figures  3 through 5 . The Y-axis in these figures depicts the fluorescence signal versus the nominal compound concentration on the X-axis on a linear scale.
The fluorescence of the fluorescein gradient was approximately equal whether the gradient was made through the traditional aqueous serial dilution method or through a gradient volume transfer. The sodium salt of fluorescein, being extremely water soluble, was not prone to significant deviations from the expected values. However, the fluorescence for both DDAF and FDA were reduced considerably when the gradient was prepared via aqueous serial dilutions versus direct volume gradients. For both compounds, the R-squared value was less than 0.999.
The ratios of the slopes from the linear fit are presented in Table 2 .
The ratio of the slopes of the linear fit indicates a low correlation between the 2 transfer methodologies. At low ClogP, the ratio of the slopes of the linear fit of the fluorescence signal is 0.84, whereas for higher values of ClogP, the ratio of the slopes of the linear fit of the fluorescence signal is greatly reduced (to 0.20 and 0.33 for DDAF and FDA, respectively).
Aqueous Serial Dilution versus DMSO Serial Dilution
We compared the results of aqueous serial dilution against those where DMSO was used as the diluent to differentiate between the problems caused by pipette tips and those caused by using an aqueous diluent. Figure 6 shows that when fluorescein is diluted with either DMSO or PBS, the graphs are practically superimposable. When DDAF is transferred, we see significant differences. First, the total fluorescence of DDAF is poorer by an order of magnitude compared to an equimolar concentration of fluorescein. This shows that material is lost from the analysis at all steps when using pipette tips. Second, we see that the fluorescence when DMSO is used as the diluent is higher at all steps other than the greatest concentration. This shows that even when a serial dilution is done with DMSO as the diluent, a significant amount of sample can be lost if the sample has a high ClogP. This was not the case when high ClogP compounds were transferred acoustically.
When the linearity of the dose-response curves was plotted, it showed that fluorescein gave good results with either DMSO or PBS as the diluent. When DDAF was serially diluted, the results deviated from linearity for both diluents but were much worse for PBS (see Fig. 7) .
Tip reuse study
The greatest difference in concentration sensitivity of reusing pipette tips for hand dilutions is shown in Figure 8 concentration is graphed. The X-axis plots the nominal compound concentration (nM) on a log scale to visualize deviations from linearity at all concentrations of the signal versus concentration data set. In Figure 8 , the plotted data are flat, indicating excellent linearity. This shows that for fluorescein, the transfer was insensitive to reusing pipette tips, indicating that there is minimal adsorption to or carryover from the tip surface. In contrast, Figure 9 , which depicts the experimental result for DDAF, a higher ClogP compound, shows 2 distinct regimes. At high concentrations, a decrease in concentration gives a large decrease in the anticipated fluorescence. At low concentrations, there is a slight increase in anticipated fluorescence. These deviations show that the signal over the concentration range is not linear.
At high concentrations, loss of fluorescence with dilution suggests compound loss through binding to tip surfaces or some other mechanism such as sample precipitation or binding to the surface of the well. In contrast, the increase at the lowest dilution step is suggestive of compound carryover from high to low concentration on contaminated tip surfaces. Furthermore, if the traditional aqueous serial dilution strategy is implemented, then to ensure accurate concentration information, concentration measurements should be made at each dilution step 18 for each compound in the library.
Another interesting point is that the ratio of the slopes of the linear fit to the fluorescence signal for reused tips was increased by 10% and 5% for DDAF and FDA, respectively, compared to the values in Table 2 , obtained with new tips. This result strongly suggests that the more hydrophobic compounds are binding to the tip surface even after one transfer and that the second transfer has more integrity or less carryover. This ratio for the slopes of the linear fit for fluorescein with new tips versus reused tips is unchanged. This large change may be magnified if there are several transfers where new tips are used for each step in the transfer process as is routinely carried out in HTS.
Finally, the experimental data were normalized against the maximum fluorescence signal versus concentration, and the results are presented in Figure 10 , enabling all of the experimental results to be viewed on 1 graph. There are 2 points of note. First, the reused tips yield a higher normalized fluorescence signal for both compounds (which would be expected), although deviations are larger for higher DDAF and minimal for fluorescein. Second, there is clearly a large difference for reused tips in the low-concentration regime, where an increase in the normalized fluorescence occurs for DDAF, which is not present in the fluorescein. This indicates that the potential for sample carryover when performing aqueous serial dilutions is accentuated at low concentrations.
CONCLUSION
We show that the reports of poor results from serial aqueous dilutions can be explained in at least some cases by interactions between the compound being transferred and the surfaces with which the sample comes in contact. Compounds with high ClogP values fail to provide anticipated concentrations when prepared via traditional, aqueous dilution processes, whereas these same compounds yield concentration gradients as expected when compounds are transferred acoustically with gradient volume transfer. The more hydrophobic dyes, DDAF and FDA, both showed a significant decline in ratio of the slopes of the linear fit to the fluorescence signal when the gradient of the dye was made with aqueous serial dilutions as compared to acoustic volume gradient transfers. DDAF, 5-dodecanoylaminofluorescein; FDA, fluorescein O, O'-diacrylate.
We believe that the deviation from expected, seen with high ClogP compounds, has multiple causes. First, compounds with high ClogP values may adsorb to the surfaces of the pipette tips and the dilution wells during aqueous dilutions. New tips yield lower fluorescence than used tips, implying that new tips bind more compound. We are currently investigating direct measurements of compound bound to pipette tips. Second, compounds with high ClogP values often show poor solubility in aqueous solutions. Compounds may precipitate from solution to form solids either on the bottom of the wells or floating on the surface of the solutions, reducing their availability to transfer. Although this problem may be resolved by doing serial dilutions in DMSO rather than in water, this would greatly increase the volume of DMSO needed for experiments and significantly increase the waste solution output of the lab. Furthermore, we have seen a smaller yet significant impact on final experimental gradient concentrations even when DMSO has been used in the serial dilutions. This will be covered in future publications.
For large-volume, single-step procedures with soluble, low ClogP compounds, the error induced by surface interactions with the sample may be neglected or dealt with by fresh tips and wash procedures. Clearly, with assay miniaturization (with increased surface-to-volume ratios) and more numerous transfers from the same source well, previously neglected mechanisms may have cumulative effects on sample concentration. is used as the diluent. When the far more lipophilic 5-dodecanoylaminofluorescein (DDAF) was serially diluted, there were significant deviations from linearity when DMSO was the diluent. These deviations were greater when the diluent was PBS. Our tip reuse study underscores the difference between the first and second use for a few model compounds, and the implications for multiple-step transfers are a subject for further study. A summary of contamination and compound loss mechanisms by contact with the sample is shown in Figure 11 . Reducing the number of surfaces and the surface area that samples contact during transfer will reduce both contaminant and sample error. Concentration gradients for dose-response experiments should not be made with aqueous serial dilutions unless the compound being analyzed is known to behave appropriately. Researchers in the pharmaceutical industry have reported large deviations in measured IC 50 values using serial aqueous dilution versus direct transfer. The generation of serial dilutions for dose-response experiments using the traditional technique of an aqueous intermediate is prone to significant errors, and we have quantified this type of error for compounds in a model system. We believe these mechanisms-surface adsorption, carryover, and poor aqueous solubility-may help explain anomalous measurements seen in industry and that acoustic transfer can help to provide a remedy.
